High-resolution Fourier transform NMR at 15.08 MHz was used to observe the proton-decoupled natural-abundance 13C spectra of aqueous solutions of cobinamide dicyanide (0.067 M), cyanocobalamin (0.024 M), dicyanocobalamin (0.14 M), and coenzyme B12 (0.038 M). Assignments were made with the aid of chemical shift comparisons, off-resonance single-frequency proton decoupling, partially-relaxed Fourier transform spectra, and splittings arising from 13C-31P coupling.
Proton nuclear magnetic resonance (NMR) has been useful for investigating the solution properties of vitamin B12 (cyanocobalamin, Fig. 1A ) and other corrinoids (1) (2) (3) (4) . However, even at 220 MHz, proton NMR spectra of corrinoids contain many overlapping lines, as a result of a small range of chemical shifts and complex spin-spin splittings (4) . For the study of complex molecules, proton-decoupled spectra of 13C nuclei in natural abundance are, in general, much more resolved and simpler to analyze than the corresponding proton spectra (5) . The enhanced sensitivity of the Fourier transform technique (6) relative to continuous-wave N1\IR has expanded the range of accessible 13C spectra (7) . We will show that by using the Fourier transform method it is easy to obtain high signal-to-noise ratios on single-carbon resonances in the proton-decoupled natural-abundance 13C spectra of corrinoids, even when the concentration is limited to 0.02 M.
There are only two well-known generally applicable aids to the assignment of 13C resonances in complex molecules: comparisons within a series of compounds with similar structures, and the use of splitting patterns arising from incomplete proton-decoupling (5) . The former is often complicated by uncertainties in chemical shift changes with structure; the latter is difficult to use when there are many overlapping lines (5) . We show below that 13C partially-relaxed Fourier transform (PRFT) spectra (8, 9) provide additional help in making assignments. Intensities in PRFT spectra are given (10) by A = Ao [1 -2 exp(-rT1)],
where A and Ao are the observed and equilibrium intensities, described previously (7, 9) . When using the 180'-T-90' pulse sequence (10) needed to obtain PRFT spectra (8, 9) , we chose the recycle time between sequences to be at least three times the longest T1 value of interest.
RESULTS
Completely proton-decoupled 1'C spectra of cobinamide dicyanide, cyanocobalamin, and coenzyme B12 are shown in Fig.  3 . The completely proton-decoupled and the off-resonance single-frequency decoupled (5) spectra of dicyanocobalamin are shown in Fig. 4 It is safe to assume that at 15.08 MHz, '3C relaxation of protonated carbons in large molecules is overwhelmingly dominated by dipolar interactions with the directly attached protons (14) with T1 given by 1/T, = (h/2T)2yc2YH2NrcH 6Tef , (2) where yc and 'Y are the gyromagnetic ratios of '3C and 'H, rH is the CH distance, N is the number of attached hydrogens, and elff is an effective correlation time for rotational reorientation. Eq. 2 is valid when Tefl is much smaller than the inverse of the proton and carbon resonance frequencies, a condition which holds for the solutions studied here, as can be shown by means of linewidth measurements (9) . In a rigid fused-ring system, Teff is about the same for all ring-carbons. longer than those on the ring backbone. The effect of internal motion on 1/T1 is most pronounced for carbons at, or near the free end of a side-chain. These principles are quite useful in making spectral assignments in complex molecules. All the above techniques, when taken together, were sufficient to make the assignments given in Tables 1-3 , which are justified below. Three types of carbons should resonate below 105 ppm: carbonyls, unsaturated carbons on the corrin ring, and the carbons of the benziminazole ring. The benziminazole ring carbons were identified by comparison of the spectra of cobinamide dicyanide and the cobalamins. PRFT spectra were used to identify all non-protonated carbons in this region. In the case of dicyanocobalamin, off-resonance single-frequency decoupling (Fig. 4) confirmed the identifications of nonprotonated and methine carbons. Specifically, C-10 was assigned to the resonance at about 100 ppm, because it is the only protonated unsaturated carbon on the corrin ring, and because its chemical shift is comparable to that of similar car substitution (15) . The remaining unsaturated carbons of the corrin ring are strongly deshielded as a result of direct bonding to nitrogen, and they resonate in a range which overlaps partially with the amide carbonyl region (16) . Position 2 of the benziminazole ring was assigned to the resonance at about 51 ppm. The remaining six benziminazole ring carbons can be divided into three pairs. The assignments for C-2 and the three pairs were made from PRFT spectra, and on the basis of chemical shifts in benziminazole itself (Table 3) . Differentiation within the pairs was done for C-4,7 and C-8,9 by comparison of the spectra of dicyanocobalamin and cyanocobalamin, on the assumption that the resonances that shift appreciably upon coordination are closer to the coordinating nitrogen of the benziminazole ring than resonances that are not shifted. The base carbons of the 5'-deoxyadenosyl group in coenzyme B12 (Table 3) were assigned (17) by comparison of the spectra of cyanocobalamin, coenzyme B12, and adenosine. The methylene carbon directly attached to cobalt in coenzyme B12 was not detected, probably as a result of line broadening arising from interaction with 59Co (see above). The weak but reproducible broad resonance centered at about 55.5 ppm in the spectrum of dicyanocobalamin (peak 12 in Fig. 4A ) was attributed to the CN carbons.
The five saturated non-protonated carbons of the corrin ring in all the corrinoids were identified from PRFT spectra. Fig. 6 illustrates the intensity changes in the resonances of 0.024 M aqueous cyanocobalamin when one goes from the normal spectrum (Fig. 6A) to a PRFT spectrum with T = 1.02 sec (Fig. 6B) structurally similar and were thus assigned to the three non-protonated resonances grouped upfield at about 142-147 ppm (Table 1) . Carbon 2 should be deshielded because of a steric interaction (18) with the methyl group attached to C-1. It was assigned to the resonance at about 134 ppm.
The ribose resonances were identified by comparing the spectra of cobinamide dicyanide and the cobalamins (Fig. 1) , and by the presence of resolved splittings caused by 3"P-"3C coupling. Specific assignments were made by comparison with the spectra of adenosine 3'-monophosphate (Table 3) was chosen because its sugar ring is a reasonable model for that of a-ribazole. The latter compound was unavailable. In the case of coenzyme B12, carbons 1', 4', and 5' of the a-ribazole moiety were specifically assigned (Table 2) , but carbons 2' and 3' were not, because they overlapped with the corresponding carbons of the 5'-deoxyadenosyl group (Table 3) . Carbons 1' and 4' of this group were assigned to the resonances at 106.7 and 107.5 ppm, but not on a one-to-one basis. The PRFT behavior of the resonance at 107.5 ppm in coenzyme B12 was indicative of the coincidence of a protonated and a non-protonated carbon. The latter was identified as C-1 of the corrin ring, as discussed above. After the above assignments were complete, the methine and methylene carbons of the isopropanolamine moiety in the cobalamins were tentatively assigned to the resonances which exhibited what appeared to be coupling to 31p. These assignments were then confirmed by consideration of the spectrum of cobinamide dicyanide, which still contained these resonances, but as singlets, and with the methine signal being slightly shifted downfield ( Table 2) .
At this point, the only unidentified resonance below 125 ppm was one at about 118 ppm in all the corrinoids. Its relaxation time in dicyanocobalamin was 0.1 sec, a value comparable to that of C-10 of the corrin ring ( Table 1 ). The chemical shift and short relaxation time were compatible only with an assignment to C-19. It should be noted that off-resonance single-frequency decoupling could not be used to identify C-19 as a methine carbon, because of the close proximity of other resonances (Fig. 4) . The three resonances at 136-140 ppm were assigned to methine carbons on the corrin ring on the basis of their T, values and off-resonance single-frequency decoupling. These resonances were assigned to the structurally similar carbons 3, 8, and 13, but not on a one-to-one basis. At this point, all resonances below 147 ppm had been identified. The remaining unassigned carbons were all the methyl carbons, the methylene carbons of the corrin ring side-chains, and only one methine carbon, namely C-18. In the off-resonance protondecoupled spectrum of dicyanocobalamin (Fig. 4B) , the resonance at about 162 ppm appeared to be a doublet, with the downfield component partially buried under other resonances. On this basis, it was assigned to C-18. This assignment is only tentative, because we could not rule out the possibility that the apparent doublet was actually a methyl quartet, with the outer lines too weak to be observed. In addition, the T1 value of this resonance was about twice that of all the other methine carbons on the corrin ring ( Table 1) .
The two resonances at about 149-151 ppm and the one at about 158 ppm were assigned to methylene carbons (see Fig.  4 ). It is likely that the downfield resonances correspond to methylene groups that are directly attached to the corrin ring. On the basis of their chemical shifts, they were tentatively assigned to the structurally similar methylene carbons attached at C-2 and C-7. The carbon resonating at about 158 ppm probably belongs to one of the ,-methylene groups at C-3, C-8, or C-13 of the corrin ring. The only other wellresolved methylene carbons in the spectrum of dicyanocobalamin resonated at 166.1, 167.0, and 167.8 ppm. They were tentatively assigned to the three structurally similar methylenes directly attached to C-3, C-8, and C-13 of the corrin ring. No further methylene assignments could be made.
If the resonance at about 162 ppm is indeed C-18 (see above), then the line at about 154 ppm must arise from a methyl carbon (peak 43 in Fig. 4A ). Its chemical shift is consistent with that expected for the methyl group at C-1. A comparison of the spectra of cobinamide dicyanide and the cobalamins proves that the methyl groups attached to the benziminazole ring must be located in the relatively unresolved region at 173-174 ppm (peaks 52 and 53 in the spectrum of cyanocobalamin, Fig. 3B ). These chemical shifts are in agreement with those in benziminazole itself (Table 3) , and the T, values of these resonances in dicyanocobalamin ( Table 2) are indicative of methyl groups undergoing fast internal reorientation. All spectral lines above 170 ppm were easily identified as methyl resonances, but no further specific assignments were attempted.
Completion of the assignments should be feasible if additional derivatives are studied.
